Viruses are obligate, intracellular pathogens that must manipulate and exploit host molecular mechanisms to prosper in the hostile cellular environment. Here we review the strategies used by viruses to evade the immunity controlled by 21-to 26-nt small RNAs. Viral suppressors of RNA silencing (VSRs) are encoded by genetically diverse viruses infecting plants, invertebrates, and vertebrates. VSRs target key steps in the small RNA pathways by inhibiting small RNA production, sequestering small RNAs, or preventing short-and long-distance spread of RNA silencing. However, although VSRs are required for infection, explicit data demonstrating a role of silencing suppression in virus infection are available only for a few VSRs. A subset of VSRs bind double-stranded RNA, but a distinct protein fold is revealed for each of the four VSRs examined. We propose that VSR families are evolved independently as a viral adaptation to immunity. Unresolved issues on the role of RNA silencing in virus-host interactions are highlighted. 
INTRODUCTION
RNA silencing was first discovered in transgenic plants as cosuppression between an introduced transgene and its homologous endogenous gene (85, 92) . Similar homologydependent gene-silencing phenomena have been reported in a wide range of eukaryotic organisms, including fungi, worms, insects, and vertebrates. Among the terms used in various organisms such as posttranscriptional gene silencing (PTGS), quelling, and RNA interference (RNAi), RNA silencing has emerged as the generic term referring to all gene-silencing mechanisms regulated by small RNAs 21 to 30 nucleotides (nt) in length. These small RNAs include short interfering RNAs (siRNAs) and microRNAs (miRNAs) and provide specificity to guide various activities of RNA silencing, including RNA cleavage, translational repression, and methylation of DNA or chromatin.
The first biological function established for RNA silencing was as an antiviral mechanism in plants (3, 13, 46, 56, 73, 104) .
Diverse roles have since been demonstrated for RNA silencing in many organisms. These include genome defense against mobile DNA elements, establishing heterochromatin, developmentally regulated DNA elimination in Tetrahymena, control of plant and animal development, and downregulation of gene expression by specific cleavage and translational repression of target mRNAs that contain complementary sites to miRNAs or siRNAs. For example, hundreds of miRNAs have been identified in humans and each miRNA has the potential to target up to 200 genes. This has led to the suggestion that well over one third of human genes are under the control of miRNAs (9) .
In 1998 researchers demonstrated that essential virulence factors of plant viruses are suppressors of RNA silencing, providing the strongest experimental support for a role of RNA silencing in host immunity against viruses (3, 13, 56, 67) . Numerous viral suppressors of RNA silencing (VSRs) encoded by genetically diverse viruses infecting plants, insects, fish, and humans have been reported since the discovery of the first potyviral and cucumoviral VSRs in 1998. In this review, we summarize current knowledge about VSRs. We first briefly discuss the key steps and effector mechanisms of the small RNA pathways and the experimental evidence establishing induction of antiviral silencing in plants and animals. We focus on general properties, diverse mechanisms, and unresolved issues of VSRs, as well as assays used for VSR identification in plants and animals. For other aspects of antiviral silencing, readers are referred to several recent reviews (66, 132, 133) .
KEY STEPS IN RNA SILENCING

Production of Small RNAs
RNA silencing begins with recognition of an RNA trigger by a type III endonuclease Dicer (10) (Figure 1) , leading to the production of small duplex RNAs 21 to 30 nt in length with 
RITS:
RNA-induced transcriptional silencing complex the characteristic 2-nt overhang at the 3 ends. Subsequently, the small RNAs are loaded into an effector complex to guide specific RNA silencing (124) .
Two types of RNA molecules have the potential to serve as a trigger of RNA silencing. Double-stranded RNAs (dsRNAs) are precursors of siRNAs, whereas single-stranded RNAs with step-loop structures serve as precursors of miRNAs (pre-miRNAs). Both siRNAs and miRNAs are products of the single Dicer protein encoded in worms and humans. In Drosophila, however, pre-miRNAs and dsRNAs are processed by two distinct Dicers, Dicer-1 and Dicer-2, respectively. Arabidopsis encodes four Dicer proteins designated Dicer-like (DCL) 1-4, all of which recognize dsRNA triggers, although the primary role of DCL1 is to process pre-miRNAs. Two classes of siRNAs of sizes 21 to 22 and 24 nt, respectively, are produced in Arabidopsis plants, and it is likely that the 21-nt, 22-nt, and 24-nt siRNAs are produced by DCL4, DCL2, and DCL3, respectively (34, 43, 45, 100, 141) . Tetrahymena produces the longest siRNAs, which are 27 to 30 nt in length. Arabidopsis miRNAs and siRNAs are methylated at the 3 end, which is essential for protection of the small RNAs from degradation mediated by 3 -uridylation activity (68, 150) .
Assembly of Effector Complexes
Three types of effector complexes of RNA silencing have been described (Figure 1) . These include RNA-induced transcriptional silencing complex (RITS), which directs methylation of chromatin, and siRNA-and miRNA-dependent RNA-induced-silencing complex (siRISC and miRISC), which guide cleavages and translational arrest, respectively, of target mRNAs. All of these complexes contain one (guide) strand of the duplex small RNAs as the specificity determinants and a member of the Argonaute protein (AGO) family. The PIWI domain of AGOs has structural similarities to RNaseH, and the ability to cleave the target RNA base-paired Key steps in RNA silencing. RNA silencing starts with dicing of dsRNA or pre-miRNAs. The resulting small RNAs are incorporated into distinct RISC complexes to direct chromatin modification, translational arrest, and mRNA cleavage. In organisms with RDR, secondary siRNA is synthesized from cleavage products. FX represents host factor implicated in stabilizing cleavage products similar to SGS3 (149) . Dashed arrow represents cell-to-cell movement of 21 siRNAs and the potential long-distance movement of 24-nt siRNAs.
RISC:
RNA-induced silencing complex
with the guide strand siRNA, called slicing, has been demonstrated for Drosophila AGO1 and AGO2, human AGO2, and Arabidopsis AGO1 (6, 76, 87, 115) . It is likely that assembly of these effector complexes may follow a pathway similar to that described for siRISC in Drosophila. siRISC assembly begins with binding of siRNA duplexes by the heterodimer of Dicer-2 and R2D2, a dsRNA binding protein with tandem dsRNA binding motifs, in the RISC loading complex (RLC) (123) . Thus, Dicer-2 is also required in RISC assembly downstream of siRNA production.
Next, RLC delivers the siRNA duplex into AGO2, which subsequently cleaves the passenger strand siRNA, triggering its dissociation from the complex and activation of RISC that contains only the siRNA guide strand (84, 103) .
dicing, leading to further silencing amplification (Figure 1) . In both plants and Caenorhabditis elegans, RDR amplification results in the spread of silencing along the target gene beyond the region initially targeted for silencing, referred to as transitive RNAi (111, 126) . RDR genes essential for RNA silencing in the germline (ego-1) and somatic tissues (rrf-1) in C. elegans have been identified (111, 113) . Arabidopsis encodes six RDRs designated RDR1-6, which, together with individual DCLs, control specific small RNA biogenesis pathways. For example, RDR2 is required for the production of 24-nt siRNAs by DCL3, which are involved in guiding chromatin modification (18, 48, 55, 93, 143, 152) . In contrast, a genetic requirement of RDR6 for the production of distinct classes of siRNAs by DCL1, DCL2, or DCL4 has been demonstrated (12, 34, 43, 149) .
Noncell Autonomous Silencing
In both plants and worms, the effects of RNA silencing can spread beyond the sites of silencing initiation via a putative specific silencing signal (133) (Figure 1 ). Systemic silencing in worms requires SID-1, a transmembrane protein that efficiently transports dsRNA longer than 100 nt (40, 140) . Two distinct steps have been observed in the spread of RNA silencing in plants. Current data suggest a role for 21-nt siRNAs in the short-distance spread and 24-nt siRNAs in the phloem-dependent long-distance transport (45, 49, 94) . Although RDR amplification is not required for the cell-to-cell spread, extensive short-distance spread beyond 10 to 15 cells in plants requires the RDR6/DCL4 pathway and its product, the 21-nt siRNAs (34, 49, 110) . In contrast, a predicted role for the 24-nt siRNAs (or their longer precursor dsRNA) produced by the RDR2/DCL3/AGO4 pathway in the longdistance silencing spread remains to be rigorously examined. However, both classes of siRNAs are found in the phloem, indicating their potential to mediate silencing spread in plants (148) . Similarly, it is also not clear if DNA methylation associated with the maintenance or persistent silencing of transgenes plays a specific role in noncell autonomous silencing.
VIRUS INFECTION INDUCES RNA SILENCING
RNA Silencing is an Antiviral Mechanism in Plants
Early evidence that indicated an antiviral role for RNA silencing came from molecular analyses of transgenic plants following infection with a potyvirus from which the transgene was derived (73 (28, 89, 90, 143) . EDS was also observed in transgenic tobacco plants with reduced expression of either the RDR1 or RDR6 homolog (110, 142) . Second, RNA silencing as an antiviral mechanism in plants is strongly supported by the demonstration that essential virulence factors of many plant RNA and DNA viruses are VSRs, which is discussed in detail below.
RNA Silencing Controls Innate Immunity Against Viruses in Invertebrates
It has not been clear what mechanism controls innate immunity against viruses in Drosophila melanogaster (51) . Innate immunity against bacterial and fungal pathogens is mediated by the Toll and Imd (immunodeficiency) pathways (50) . However, a global microarray analysis has revealed induction of a new set of genes by virus infection that does not include the well-characterized antimicrobial peptide genes (33) .
The first indication for a role of RNA silencing in the response of D. melanogaster to virus infection came from the observation that the B2 protein of Flock house virus (FHV) exhibited activity to suppress RNA silencing in plants (65) . FHV is a member of the family Nodaviridae, which contains a positivestrand RNA genome and includes pathogens of insects (Alphanodavirus) and fishes (Betanodavirus), although the type alphanodavirus, Nodamura virus (NoV), can lethally infect not only insects but also mammals.
Indeed, FHV infection of cultured Drosophila cells triggers production of FHV-specific siRNAs, and B2 expression is essential to establish infection. Accumulation of a FHV mutant not expressing B2 was detected in Drosophila cells only after depletion of AGO2 by RNAi, indicating that FHV infection triggers antiviral silencing in an AGO2-dependent manner (65 (138) .
Two recent studies have shown that viral RNA replication also triggers the RNA-silencing immunity in C. elegans (80, 139) , which encodes one Dicer as do fission yeasts and humans. Thus, although both plants and insects encode multiple Dicers, hosts that contain a single Dicer also have the potential to mount the RNAi-mediated antiviral response.
RNA Silencing Plays a Role in Mammalian Virus-Host Interactions
Three lines of evidence indicate that mammalian viruses interact directly with the RNAsilencing pathway in their mammalian hosts (66) . First, infection of several mammalian DNA viruses in cell culture induces miRNA silencing, which includes (a) recognition of virus transcripts by the RNAi machinery as precursors of miRNAs, (b) production of viral miRNAs, and (c) cleavages of viral mRNAs as shown for the SV40 miRNAs (99, 117) . However, the role of most of the approximately 40 viral miRNAs that have been cloned and/or characterized is currently not understood (66) . Second, two cellular miRNAs specifically interact with mammalian viruses, leading to either down-or upregulation of viral RNA replication (54, 64) . Third, diverse mammalian viruses encode the activity to suppress RNA silencing (66) , suggesting a role in virus infection of mammalian hosts for the suppression of RNA silencing, possibly mediated by small RNAs of either a host or virus origin.
IDENTIFICATION OF VIRAL SUPPRESSORS OF RNA SILENCING Coinfiltration
A number of assays have been established to identify VSRs. Two assays have been widely used in plants. The first is based on the transient, mixed expression of two transgenes in leaves coinfiltrated with two Agrobacterium tumefaciens strains (44, 53, 134) (Figure 2) . One strain induces RNA silencing of a reporter gene such as green fluorescent protein (GFP) in the infiltrated leaf (local silencing) (Figure 2 , middle leaf) and subsequent spread of silencing into upper noninfiltrated tissues in transgenic plants that carry a homologous, integrated transgene (systemic silencing). The other strain directs high-level expression of the candidate viral protein in the coinfiltrated patches to test suppression of local silencing (Figure 2 , left and right leaves) and/or systemic silencing. Coinfiltration is the most popular assay used in the identification of plant viral VSRs because it is simple and quick. However, this assay is not capable of identifying those VSRs, such as the coat protein of Citrus tristeza virus (CTV) (79) , that suppress systemic silencing but not local silencing. This is because this type of VSR is expressed only at low levels in the infiltrated patches owing to local silencing against the viral suppressor transgene induced by Agroinfiltration.
Grafting
The use of grafting experiments makes it possible to identify VSRs that are active against systemic silencing but not local silencing (Figure 3) . In this assay, selected transgenic plants stably expressing a candidate VSR are genetically crossed with a transgenic plant line that carries an autonomously silencing reporter transgene such as 35S-GUS in tobacco line 6b5. Whether or not expression of the viral protein suppresses spread of the reporter transgene silencing in the resulting Grafting assay. Two transgenic tobacco lines carrying the 35S-GUS transgene were used: T19 plants are high expressors of the GUS transgene (blue), whereas the GUS transgene in line 6b5 is autonomously silenced (white). T19 plants are used as the reporter scions, and rootstocks are made from the F1 plants from crosses of 6b5 with either wt plants (6b5xWT) or plants preselected for high-level expression of a candidate VSR (6b5xVSR). Suppression of GUS silencing spread by a VSR will not reduce GUS expression in the new growth of the scions 4 to 6 weeks after grafting (a), in contrast to what occurs in the control grafts (b).
RdRP: viral RNA-dependent RNA polymerase F1 progeny (6b5xVSR) can be determined by grafting reporter scions onto rootstocks made from the F1 plants (82, 94) . The reporter scions are from another transgenic plant line such as T19 that expresses the reporter GUS transgene at high levels, which becomes silenced a few weeks after grafting onto 6b5 rootstocks owing to the import of a sequencespecific silencing signal from the silencing rootstock. Silencing does not occur in the scions if the VSR can inhibit either the synthesis of the mobile silencing signal in the F1 rootstocks or its export from rootstock to scion (44, 79) . Moreover, analysis of expression of the reporter transgene in the F1 progeny can also reveal if the VSR suppresses local silencing, DNA methylation of the reporter transgene, or both.
Distinct suppressor activities have been revealed in this experimental system (44, 79, 
Cell-Based Assays for Identifying Animal VSRs
Several animal VSRs have been identified by assaying for suppression of RNA silencing induced by viral RNA replication in cultured Drosophila cells (70) . The core component of this assay is pFR1gfp (Figure 4a ), a derivative of pFR1 that contains the full-length cDNA to FHV RNA1. The viral cDNA is under the transcriptional control of a metal-inducible promoter, and a ribozyme located 3 end to the cDNA is designed to remove the nonviral sequence from the transcripts (65) . Thus, after transfection into Drosophila S2 cells, transcriptional induction produces RNA transcripts identical to FHV RNA1. The viral RNAdependent RNA polymerase (RdRP), which shares no homology with RDRs, is translated directly from RNA1 to initiate replication of RNA1 and subsequent production of subgenomic RNA3, which serves as a mRNA to express B2.
In this system, B2 suppression of the RNAsilencing immunity triggered by viral RNA replication is essential for detectable accumulation of FHV RNA1 and RNA3 (65) . In S2 cells transfected with pFR1gfp, B2 is not expressed owing to the insertion and translational fusion of the coding sequence for GFP after approximately the first 20 codons of B2.
Thus, expression of GFP from the recombinant RNA3 occurs only in S2 cells in which RNA silencing is suppressed by either depletion of AGO2 (Figure 4b, middle panel) or expression of a VSR from a superinfected virus or cotransfected plasmid (Figure 4b, right  panel) . This assay can be easily adapted to mosquito cell culture for determining if mammalian viruses transmitted by mosquitoes encode VSRs (70) .
The most commonly used trigger of RNA silencing in mammalian cell culture is 21-nt siRNAs that are chemically synthesized by commercial companies (38) . However, many mammalian VSRs have been identified using short hairpin RNAs (shRNAs) (66, 116) . shRNAs are analogous to pre-miRNAs, as they require de novo processing by Dicer to produce siRNAs. Thus, use of shRNAs as the inducer allows researchers to identify those VSRs that target early steps of the RNAsilencing pathway (see below).
DIVERSE VIRAL SUPPRESSORS OF RNA SILENCING Multiple VSRs from Single Plant Viruses
Every plant virus that has been closely examined to date encodes a VSR, and these include viruses that contain positive-, negative-, or double-strand RNA genomes as well as geminiviruses with a single-stranded circular DNA genome (Table 1) . However, suppression of RNA silencing by any of the known VSRs is partial and the VSR encoded by each virus often targets only one of the effector mechanisms of RNA silencing. Nevertheless, CTV and geminiviruses encode multiple VSRs, each of which appears to have a distinct mode of action (79, 129, 135) . In contrast to the large RNA genome of CTV (∼20 kb), geminiviruses have a small genome, suggesting that other small viruses may also have the potential to develop distinct strategies for evading the viral immunity.
Insect VSRs
We have recently shown that infection of Drosophila with Cricket paralysis virus (CrPV) induces antiviral silencing and that CrPV encodes a novel VSR (138) . CrPV is a member of the picorna-like insect virus group that is only distantly related to the insect nodaviruses from which the first animal VSR was identified (65) . Thus, active suppression of RNA silencing likely represents a conserved function of true insect viruses, which are pathogenic to insect hosts.
Vertebrate VSRs
Nine mammalian VSRs have been identified (66) . These include NS1 of influenza A, B, and C viruses (70), E3L of vaccinia virus (70), B2 of NoV (70, 116) , NSs of La Crosse virus (114), VA1 of adenovirus (4, 81), Tas of PFV-1 (64) , and Tat of human immunodeficiency virus (8) . The reovirus σ3 protein suppresses RNA silencing in plants (71) , but its activity is yet to be verified in animal cells. In addition, B2 from two fish pathogenic nodaviruses were found to suppress RNA silencing in heterologous systems ( Table 1) . These vertebrate viruses are genetically diverse and the VSRs identified were previously known to play key roles in infection of their mammalian hosts. However, it should be pointed out that suppression of virus-induced RNA silencing has been demonstrated in cultured insect cells only for a few of the known VSRs. Thus, a role of silencing suppression in the infection of vertebrate hosts remains to be established.
Structured Viral RNAs as VSRs
In addition to viral proteins, the highly structured RNA of approximately 160 nt encoded by adenovirus, VA1, can inhibit RNA silencing induced by either shRNAs or human pre-miRNAs (4, 81 
VSR Families
VSRs encoded by viruses of different families often share no homology at the primary amino acid sequence level. However, homologs or counterparts (by location in the viral genome) of a known VSR from the same virus family always encode silencing suppression activity, even if they may share minimal sequence homology. These include 2b of the cucumoviruses (13, 67) , NS1 from three of the four genera in the family Orthomyxoviridae (70), B2 from both genera of the family Nodaviridae (41, 52, 65, 70) , P19/P14 from the genera of tombusvirus and aureusvirus in the Tombusviridae (86, 135) , AC2 and its homologs from two of four genera in the family Geminiviridae (11) , and the cysteine-rich proteins from furoviruses, hordeiviruses, pecluviruses, and tobraviruses (36, 105, 122) .
Cross-Kingdom Suppression of RNA Silencing
The first animal VSR, B2 of FHV, was identified in an RNA-silencing assay established in plants (65) . These broad-spectrum activities of VSRs have been demonstrated for NS1 of influenza A virus (14, 29, 70 ) and p19 of tombusviruses (70, 135) . That these VSRs are all dsRNA binding proteins may explain why they are active in both the animal and plant kingdoms (see below). geminiviral AC2 and AC4, nodaviral B2, retroviral Tas and Tat, and influenza NS1 ( Figure 5 ). Overlapping genes are thought to be created by overprinting, in which an existing coding sequence is translated in a different reading frame (58) . As a result, for each pair of overlapping genes, one is more ancient and widespread, whereas the other is novel and has a confined lineage in the phylogeny of viruses. Previous analyses indicated that 2b, B2, and P69 are all encoded by the novel overlapping gene (30, 58) . Recent structural determination of P19 and B2 also has shown that neither shares structural similarities with NS1, although all are dsRNA binding proteins (see below). Thus, these VSR genes are each evolutionarily novel and may represent a recent viral adaptation to the RNA-silencing immunity of the hosts. That VSR genes in each virus family may arise independently explains the structural and functional diversity of VSRs identified so far. Most of these VSR genes are overprinted on either the N-terminal (such as p69 and P0) or C-terminal (such as 2b and B2) region of the viral RdRP gene (Figure 5 (30, 97) . This unique coupling of the RNA replication and silencing suppression functions creates a viral genome block that is perhaps most effective as a gene module for viral evolution and adaptation, since productive viral RNA replication requires suppression of the RNA-silencing immunity as has been shown in plants and invertebrate animals. This strategy is similar to that of picorna-like plant and insect viruses in which the VSR and viral RdRP are translated as part of the long polyprotein.
DIVERSE MECHANISMS INVOLVED IN VIRAL SUPPRESSION OF RNA SILENCING Distinct Protein Folds Evolved Independently in Viruses to Bind dsRNA
A role for RNA binding in the suppression of RNA silencing by the cucumoviral 2b protein had been proposed previously (44) . It is now clear that a major class of VSRs are dsRNA-binding proteins, as revealed first for the tombusviral P19 (112). However, dsRNA binding is unusual for P19 among the dsRNA binding proteins known so far because it specifically selects its substrates on the basis of the length of the duplex region of the RNA. P19 binds 21-nt duplex siRNAs with high affinity and independent of the 2-nt overhang at the 3 end of siRNAs, but its affinity is much weaker for dsRNAs 22 nt or longer (130, 145) . Such a size selection in dsRNA binding has not been observed for influenza NS1 (14, 70) , nodaviral B2 (80), closteroviral P21 (20, 146) , cucumoviral 2b (F. Li & S.-W. Ding, unpublished data), or aureusviral P14 (86), which is a P19 homolog of a different genus from the same family Tombusviridae. All these VSRs bind duplex siRNAs and long dsRNA, and B2 in fact exhibits higher affinity to long dsRNA than to siRNAs (80) . (70) is the only example among the known dsRNA binding VSRs that has sequence similarity to the canonical dsRNA binding motif (DSRM) found in many cellular proteins, such as Drosophila Staufen protein, PKR, Dicer, and R2D2 (16, 91) . DSRM adopts a α 1 β 1 β 2 β 3 α 2 fold, in which the two helices lie on one side and pack against a three-stranded antiparallel β sheet (Figure 6a) . Three protein-RNA interaction regions include α 2 across the RNA major groove, and α 1 and the loop between β 1 and β 2 to contact the minor groove at either side (91, 109) . By contrast, NS1, P19, B2, and P21 share no structural similarities with the canonical DSRM and each adopts a novel protein fold, which are discussed briefly below.
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This provides further support at the structural level for independent origins of VSRs encoded by the novel overlapping gene as indicated by our evolutionary analyses.
NS1.
NS1 is approximately 230 amino acids (aa) in length (137) . The N-terminal region of 73 aa contains complete dsRNA binding activity of the full-length protein and retains most of the VSR activity (24, 25, 77) . Both the NMR and crystal structural analyses, reported in 1997, have revealed a novel, six-helical fold in a homodimer for the NS1 dsRNA binding domain (24, 25, 77) (Figure 6b) . The RNA binding surface is constituted by the antiparallel α 2 α 2 , in which several basic residues form electrostatic interaction with the phosphor group of the RNA backbone (25) . The protein sits over the minor groove of the A form duplex and there is no significant conformation change during the RNA-protein complex formation (25, 137) . Possible protein-protein interaction between multiple NS1 dimers may account for higher affinity for longer dsRNA substrates (25, 137) .
P19. P19 of two tombusviruses in complex
with siRNA has been solved and both display a common protein fold, α 1 β 1 β 2 α 2 α 3 β 3 β 4 α 4 . P19 also binds dsRNA in a homodimer (130, 145) , as has been found for NS1, and the protein-protein interaction is mediated by the antiparallel β 4 β 4 strands and α 4 α 4 helices (Figure 6c) . The eight β strands (four from each monomer) form a saddle-like β sheet surface that covers the central minor groove and two adjacent partial major grooves of the siRNA duplex. The N-terminal α helix brackets at the ends of the siRNA duplex and poses a size constraint for the substrate. The remaining α helices are packed on the other side of the saddle.
B2. B2 of FHV is 106 aa long and also contains a dsRNA binding domain located at the N-terminal region. Both NMR and crystallization structural analyses have revealed an all-helix structure for the N-terminal 72 aa (19, 74) (Figure 6d ). The first two helices (α 1 and α 2 ) fold into a helix-turn-helix hairpin structure, whereas the third, shorter α helix (α 3 ) packs perpendicular to α 1 and α 2 . B2 binds dsRNA as a homodimer, in which α 1 and α 1 , α 2 and α 2 pack against each other and α 3 and α 3 are located at the opposite ends. The antiparallel α 2 α 2 helices form an extended RNA binding surface that covers two minor grooves and the intervening major groove. (146) , which can be divided into a N-terminal domain (NTD) of 93 aa and a C-terminal domain (CTD) of 83 aa. NTD is mainly a three-helix bundle (α 1 α 2 α 3 ) arranged in an up-and-down fashion. CTD folds into a twolayer array: The first layer includes α 4 α 5 α 9 and the second includes α 6 α 7 α 8 , producing an octamer-ring structure with two types of head-to-head and tail-to-tail arrangements.
P21. P21 of the closterovirus Beet western yellows virus is folded into nine α helices
The main secondary structures of NS1, B2, and P21 are all α helices, and NS1, P19, and B2 bind dsRNA as a homodimer. The canonical DSRM, P19, and B2 interact with the 2 OH group of ribose on the backbone, which provides a structural basis for their substrate preference for RNA rather than DNA. The interaction between the phosphor group on the backbone and the side chains of amino acids in the dsRNA binding surface involves both electrostatic and hydrogenbond interactions. The ribose and phosphor group recognition confer dsRNA binding in a sequence-independent manner, which may also apply to other dsRNA binding viral suppressors.
Suppression of siRNA Production
A result of dsRNA binding by VSRs is inhibition of viral siRNA production in infected cells, possibly by preventing Dicer from access to the viral RNA trigger(s). Inhibition of the dicing of input long dsRNA by B2 of FHV was first demonstrated in vitro using the Dicer extracts from Drosophila cells (19, 80) .
Reduced accumulation of siRNAs processed from hpRNA was also observed in mammalian cells expressing B2 of NoV (116) . Notably, both dsRNA binding and dicing inhibition in vitro were abolished by the replacement of Arg by Gln at position 54 (R54Q) of FHV B2 (80) , which was later shown by structural analyses to be in the center of the dsRNA binding surface (19, 74 dicates a role for dicing inhibition in B2 suppression of the RNA-silencing immunity. We have recently found that similar levels of FHV replication produced much higher levels of viral siRNAs in S2 cells cotransfected with FHV B2 and AGO2 dsRNA than in cells transfected with wt FHV alone (H. W. Li & S.-W. Ding, unpublished data). These findings thus establish inhibition of siRNA production as a mechanism in B2 suppression of RNA silencing (Figure 7) . VA1 appears to inhibit the production of small RNAs by a mechanism distinct to B2 as it directly binds to Dicer and thus may act as a substrate to compete for Dicer binding (4, 81) . A similar mechanism may be used by RCNMV (121) . HC-Pro also inhibits Dicer processing (Figure 7) , because HC-Pro expression in transgenic plants is associated with accumulation of unprocessed dsRNA (35, 83) . Interestingly, HC-Pro mainly inhibits the accumulation of the 21-nt siRNAs but does not inhibit, or has a less pronounced effect on, the accumulation of the 24-nt siRNAs (35, 83) . This is probably because the biogenesis of the 24-nt siRNAs by the DCL3/RDR2/AGO4 pathway occurs in the nucleus that is insensitive to HC-Pro, a cytoplasmic protein.
Alternatively, HC-Pro expression may selectively increase the instability of the shorter class of siRNAs, since a recent study showed that HC-Pro expression caused a significantly more pronounced reduction in the 3 -terminal methylation of the 21-to 22-nt siRNA population than the 24-nt siRNA population (37) . It may be informative therefore to determine if overexpression of rgsCaM, a cellular calmodulin-related protein that interacts with HC-Pro (2), suppresses either the 3 -terminal methylation or the processing of the 21-to 22-nt siRNAs by DCL2 and DCL4. In this regard, it may not be coincidental that expression of HC-Pro does not interfere with transgene DNA methylation and systemic silencing spread in the 6b5 tobacco plants (82) or silencing-mediated recovery of transgenic tobacco plants (73) , as these processes are all possibly mediated by the 24-nt class of siRNAs, which is not inhibited by HC-Pro. In contrast to HC-Pro, expression of both P25 of Potato virus X (PVX) and P1 of Rice yellow mottle virus specifically inhibits the accumulation of the 24-nt siRNA but has a less pronounced effect on the accumulation of the 21-nt siRNA (45) . Interestingly, it appears that only the shorter class of viral siRNAs accumulated in wt plants infected with PVX (110) , suggesting that P25 expression may also inhibit the production of the longer class of viral siRNAs in infected plants.
Sequestration of siRNAs
Selective binding of the 21-to 22-nt class but not the 24-nt class of siRNAs by P19 suggests a unique mechanism of RNA-silencing suppression by sequestering siRNAs (63, 112, 130, 145) . The role of siRNA sequestering by P19 has been examined in both in vitro Drosophila embryo extracts (63) and infected plants (47, 118) . P19 inhibited siRNAdirected slicing of the target mRNA only when P19 and the siRNA duplex were added to the embryo extracts at the same time. P19 was inactive when P19 was added 20 min after the addition of the siRNA duplex and P19 did not inhibit slicing initiated by singlestranded siRNA, indicating that P19 binds duplex siRNA to prevent siRNA from being incorporated into siRISC (63) . Inhibition of siRISC assembly by siRNA sequestering may account for the observed P19 suppression of the RNA-silencing immunity induced by FHV infection of cultured Drosophila cells (70) .
However, expression of the Cymbidium ringspot virus (CRSV) P19 from its own genome had no detectable effect either on the accumulation levels of CRSV and CRSVspecific siRNAs in infected protoplasts and inoculated leaves, or on the spread of virus through the vasculature to reach the first systemically infected leaves (47, 112, 118) . Thus, it is unlikely that P19 inhibition of siRISC assembly, as observed in the heterologous system, plays a role in these initially infected cells and tissues. Elegant in situ hybridization experiments have revealed that expression of P19 allowed the virus to exit the vascular bundles and invade the surrounding tissues and beyond in the systemically infected leaves (47) . As the 21-nt viral siRNAs are found in the phloem (148) and have the potential to mediate the cell-to-cell spread of RNA silencing (34) , siRNA sequestering by P19 may prevent the viral 21-nt siRNAs from entering the vasculature in the inoculated leaves and/or exiting the vasculature in the first systemically infected leaves (Figure 7) . In contrast, abundant viral 21-nt siRNAs may enter and exit the vasculature to initiate antiviral silencing in the first leaves systemically infected with the CRSV mutant that does not express P19, leading to arrest of further virus spread and recovery from infection (118) . An ultimate test of this model is to determine if P19 mutation in a tombusvirus can be rescued in a host mutant, such as dcl4 or dcl2/dcl4 double mutant, that is defective in the 21-and/or 22-nt siRNA biogenesis pathway (34, 43) .
Several VSRs bind both siRNAs and longer dsRNA without a preference for the 21-nt siRNAs. These include NS1 (14, 70) , B2 (19, 80) , P21 (20, 146) , 2b (F. Li & S.-W. Ding, unpublished data), and P14, the P19 homolog encoded by Pothos latent virus (86) . In vivo binding of duplex siRNA and miRNA has been demonstrated in transgenic Arabidopsis expressing P21 (20) . Unlike P19 and P14, however, P21 is required for efficient viral RNA amplification in single-cell infection (96) . Thus, sequestering siRNAs by P21 may lead to inhibition of the assembly of siRISC in infected plants (Figure 7) .
The geminiviral VSR AC4 does not bind duplex small RNAs, but it does bind the single-stranded siRNA or miRNA in vitro and possibly in vivo also because the AC4 protein-miRNA complex could be isolated from AC4-expressing cells by using a tethered 2 -O-methyloligonucleotide (21) . Thus, AC4 may suppress RNA silencing by inhibiting the RISC activity after its maturation (Figure 7) .
Inhibition of Systemic Silencing
Suppression of the phloem-dependent longdistance spread of RNA silencing represents another distinct viral strategy for evading the RNA-silencing immunity in plants. This was first demonstrated for P25, as systemic silencing of a transgene induced by a movementdefective PVX did not occur in Nicotiana benthamiana plants unless P25 was inactivated (134) . The loss of meristem exclusion to virus invasion in transgenic plants expressing a P25
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homolog may also be a result of suppression of systemic silencing (42) . Interestingly, expression of either P25 or P1 was found to inhibit the accumulation of the longer class of siRNAs in N. benthamiana (45) , suggesting that these VSRs may act by either inhibiting the synthesis or promoting removal of the longer class of siRNAs. In PVX infection, deletion in the gene for P25 does not reduce PVX accumulation in inoculated protoplasts but abolishes spread of PVX out of the initially infected cells (5) . A recent study has further shown that P25 suppression of RNA silencing is required for the cell-to-cell movement of PVX (7). Thus, the short-distance spread of antiviral silencing has the potential to inhibit virus cell-to-cell movement (7) and P25 may in fact block the function of the 21-nt siRNAs in PVX-infected plants. However, P19 sequestering of 21-nt siRNAs is required only for CRSV unloading in the first systemically infected leaves (47) , which argues against a role for the 21-nt siRNAs of CRSV in inhibiting virus cell-to-cell movement in the inoculated leaves.
Suppression of systemic silencing by the cucumoviral 2b may involve inactivation of the silencing signal (Figure 7) , as indicated by a set of grafting experiments (44) . Expression of 2b reduced transgene DNA methylation and prevented transgene silencing from spreading into reporter scions. Silencing spread into the scions also did not occur when 2b was expressed only in the intergraft between rootstock and scion, and the silencing signal imported into the 2b-expressing scion failed to initiate specific RNA silencing (44) . Suppression of the phloemdependent long-distance spread of silencing by 2b is consistent with previous studies that have demonstrated a role for 2b in facilitating the long-distance spread of Cucumber mosaic virus (CMV) (30 precursor dsRNA. It will be interesting to determine if 2b mutation can be rescued in a host mutant such as dcl3 that is defective in the 24-nt siRNA biogenesis pathway.
Silencing Suppression by DNA Viruses
VSRs encoded by the family Geminiviridae include AC2 and AC4 as well as βC1, which is encoded by a satellite DNA (27, 129, 135) . In contrast to AC4, AC2 may suppress silencing by interacting with DNA, cellular proteins, or both (11) . The AC2 family of proteins typically acts as a transcription factor and contains a zinc-finger domain, a nuclear localization signal, and a C-terminal acidic type of activation domain. It is likely that AC2 suppression of RNA silencing is transcription dependent as mutations in any of the three domains abolish the VSR activity of AC2 (11, 32, 125, 127) . This is further supported by the findings that AC2 expression in protoplasts induced the expression of approximately 30 host genes, one of which may encode a negative regulator of RNA silencing (125) .
In contrast, silencing suppression by the AC2 homologs of Tomato golden mosaic virus and Beet curly top virus does not require the activation domain but depends on inactivation of adenosine kinase (ADK) by a direct proteinprotein interaction (136) . ADK catalyzes the synthesis of 5 -AMP from adenosine and ATP and plays a key role in sustaining the methyl cycle as does S-adenosyl-homocysteine (SAH) hydrolase. Thus, inactivation of ADK by AC2 may interfere with a general methylation pathway in plants, as occurs in Arabidopsis hog1 mutants, which carry loss-offunction mutations in HOG1 coding for a SAH hydrolase and do not support DNA methylation-dependent gene silencing (107) . This finding suggests that the viral genomic DNA may be targeted for silencing in a methylation-dependent manner, possibly triggered in the nucleus by the viral siRNAs (66) .
Altering the Function of Host miRNAs: A Role in Viral Pathogenesis?
Stable expression of VSRs in transgenic plants also interferes with the function of host miRNAs, which may explain why these plants often exhibit developmental abnormalities (20-22, 35, 57) . Enhanced accumulation of host miRNAs has been observed in plants expressing HC-Pro, P19, P21, or P69 of Turnip yellow mosaic virus (20, 22, 35) . Nevertheless, miRNA-directed cleavages of target mRNAs were inhibited by HC-Pro, P19, P21, and P15 of Peanut clump virus (20, 35) . Because DCL1, which produces miRNAs, is downregulated by miR162 (144) , enhanced levels of miRNAs may be a result of enhanced miRNA processing due to inhibition of miR162-directed cleavage of DCL1 mRNA. However, this model does not explain why P15 inhibition of miRNA silencing does not enhance miRNA accumulation or why P69 enhances the accumulation of miRNAs despite the fact it does not inhibit the target cleavages by miRNAs.
Transgenic expression of HC-Pro, P21, or P19 in Arabidopsis plants allowed Northern blot detection of the normally labile passenger strand of the miRNA duplex, referred to as miRNA * . P19 and P21, but not HC-Pro, also interacted with the miRNA/miRNA * duplexes in vivo. Thus, P19 and P21 may employ a similar mechanism to suppress miRNAand siRNA-directed silencing by sequestration of small RNA duplexes. In contrast, it appears that distinct mechanisms are involved in HC-Pro suppression of miRNA and siRNA silencing. Notably, these observations have provided an attractive model to explain viral pathogenesis as a result of viral suppression of shared steps in siRNA silencing as an antiviral defense and miRNA silencing required for development. However, note that all these studies were based on constitutive expression of VSRs in a much broader range of cell and tissue types than in natural plant infections.
FUTURE DIRECTIONS Genetic Control of the RNA-Silencing Immunity
Although a role for RNA silencing in the viral immunity has been established in plants and invertebrates, many key questions on the genetic control of antiviral silencing remain to be addressed. For example, it is not clear how viruses are recognized by the small RNA pathway(s) in host cells. Plants and insects contain four and two Dicer proteins, respectively. Our observation that antiviral silencing against FHV is AGO2-dependent implies that Dicer-2 and the siRNA pathway play a role in the RNA-silencing immunity in Drosophila. However, it will be necessary to determine if the production of viral siRNAs requires Dicer-2 and if the siRNA pathway also mediates Drosophila immunity against viruses distinct to FHV.
The Arabidopsis genome encodes four DCLs that are involved in the production of distinct classes of small RNAs. In comparison to wt plants, reduced siRNA accumulation and EDS were observed in dcl2 plants, but only in the early stages of infection with Turnip crinkle virus, a carmovirus. However, this transient effect of DCL2 was not observed in Arabidopsis response to a cucumovirus and a potyvirus. This observation raises several critical questions regarding the genetic control of antiviral silencing in plants. For example, is there redundancy among DCLs in the initiation of antiviral silencing? Are viruses from distinct families recognized by different DCLs? Does cellular compartmentation of small RNA biogenesis and virus replication play a role? Thus, it will be important to determine if infection with viruses from different families produces distinct classes of viral siRNAs and if these siRNAs have the potential to activate and guide distinct effector mechanisms of RNA silencing against virus infection. For example, detection of a virus by DCL3 probably will produce the 24-nt siRNA, which may potentially facilitate the phloem-dependent long-distance spread of antiviral silencing and/or methylation of DNA/chromatin in the nucleus.
Two of the six plant RDRs have been implicated in defense against viruses and available data also suggest specific interactions between RDRs and different viruses. There are several interesting questions regarding the role of host RDR in the RNA-silencing immunity. Is host RDR involved in the production of viral siRNAs (referred to as secondary siRNAs)? Do viral secondary siRNAs have function(s) distinct from those of primary siRNAs? Is there a RISC-independent antiviral silencing that involves only synthesis and dicing by host RDRs and DCLs? Do RNA virus-encoded RdRPs amplify the endogenous RNA silencing in plant and animal hosts?
Another important question to be addressed is what serves as the pathogen trigger(s) of the RNA-silencing immunity in plants and animals. Detection and/or cloning of viral siRNAs in both positive and negative polarities in infected plants (88, 128, 148) implicate as the trigger dsRNA produced during replication of RNA viruses or through convergent transcription from opposing promoters in DNA viruses. This hypothesis is supported by the observation that antiviral silencing in Drosophila requires the dsRNA-siRNA pathway initiated by Dicer-2 (138), which does not process the intramolecularly base-paired stem-loop structures found in pre-miRNAs. In contrast, 80% of the viral siRNAs cloned from plants infected with a tombusvirus correspond to the viral positive-strand RNA and 85% are derived from several short regions in the viral genome (88) , leading to the hypothesis that stem-loop hairpin structures present in the single-stranded virion RNAs may trigger antiviral silencing via the DCL1-dependent miRNA pathway in plants. However, this hypothesis is not consistent with the observation that reduced processing of miRNAs in dcl1 mutant plants resulted in enhanced virus resistance rather than EDS (121). 
Viral Evasion of the RNA-Silencing Immunity
Most of the reported assays in plants cannot reliably identify VSRs that interfere with the spread of RNA silencing, particularly those that are inactive against intracellular silencing (79) . Inactivation of this antiviral effector mechanism may be more important in those hosts that encode the RDR system, which is known to amplify the silencing signal involved in both cell-to-cell and phloem-dependent silencing spread (34, 110) . Thus, this type of VSR may be more widespread and more plant viruses may encode multiple VSRs than is currently thought. However, the grafting assay capable of identifying this type of VSR is timeconsuming, and thus it is necessary to develop an assay that is as simple and rapid as the coinfiltration assay.
Most of the known VSRs were not identified and characterized in assays in which RNA silencing is induced by virus replication to destroy virus and homologous RNAs, including mRNA of VSR. Although previously known to play key roles in virus infection and pathogenesis, a specific role for the suppression of RNA silencing in virus infection remains to be established for many of the known VSRs. Informative experimental evidence along this line includes rescue of defects in host infection by heterologous VSRs and correlation between the activities of a VSR in silencing suppression and host infection. However, an ultimate test is to demonstrate that expression of a VSR becomes redundant in virus infection of a host mutant that is defective in a small RNA pathway. This approach will also provide insight into the mechanism involved in viral suppression because it identifies the genetic pathway as the antiviral effector mechanism targeted by the VSR.
Many questions concerning the mechanisms of VSRs remain to be addressed. Because VSRs are known to up-or downregulate the accumulation of host miRNAs, it is expected that they also interfere with the accumulation and function of endogenous siRNAs of hosts such as the trans-acting siRNAs (1, 34, 43, 95, 131, 141, 149) and natural antisense siRNAs (12) . Does viral interference of the endogenous siRNA pathways play a role in the development of disease symptoms? More importantly, does expression of VSRs differentially influence the accumulation and function of the different classes of viral siRNAs? For those VSRs such as P25 essential for virus cellto-cell movement, this question may have to be addressed by comparing the profiles of viral siRNAs isolated from protoplasts infected with either wt or the VSR deletion mutant viruses.
Finally, what is the role of mammalian VSRs? Is their activity in silencing suppression required for virus infection? Do mammalian VSRs interfere with the biogenesis and function of miRNAs of either a host or virus origin? Influenza viruses, unlike many mammalian viruses, replicate in the nucleus. Are influenza viral RNAs targets of the host miRNA pathway, as found for mammalian DNA viruses that replicate in the nucleus? Suppression of RNA silencing by the nuclearlocalized cucumoviral 2b is associated with reduced DNA methylation of the target transgene in the nucleus. Do nuclear-localized mammalian VSRs such as NS1 interfere with nuclear silencing?
Viral Exploitation of the RNA-Silencing Pathway
RNA silencing has almost always been portrayed in the literature as a host antiviral mechanism. However, several recent studies suggest that viruses also exploit this gene regulatory mechanism guided by small RNAs for their own benefit. For example, cleavages of the early SV40 mRNAs by its own miRNAs led to reduced expression of viral T antigens and reduced sensitivity to lysis by cytotoxic T cells without reducing the yield of infectious virus (117) . Whether the herpesviral miRNAs play a similar role remains to be examined. Furthermore, a liver-specific miRNA was found to upregulate the expression of the Hepatitis C virus genome in cell culture by binding to the 5 end of the viral genome (54) , and Arabidopsis mutant dcl1 showed reduced susceptibility to RCNMV infection (121) . These findings raise several important questions. Does virus infection require production and function of small RNAs of either a host or virus origin? Do plant and invertebrate viruses produce miRNAs? Do plantand insect-virus-derived small RNAs direct RNA-silencing processes against host mRNAs, DNA or both? What is the role of host RNA silencing directed by viral small RNAs?
SUMMARY POINTS
1. Standard assays for the identification of VSRs have been developed in both plant and animal systems.
2. Numerous viruses encode VSRs. These include viruses that are pathogens of plants, insects, fish, and humans, and contain single-and double-stranded RNA or DNA genomes. Viruses may encode either single or multiple VSRs.
3. Many VSRs are dsRNA binding proteins without a preference for siRNAs. Protein structure has been solved for four such VSRs, and notably all adopt a novel fold distinct from each other and from the canonical dsRNA binding motif.
4. Several of the key steps in the RNA-silencing pathway are targeted by VSRs. Some VSRs sequester siRNAs or inhibit production of siRNAs, whereas others prevent short-and long-distance spread of RNA silencing.
5. All VSRs were previously known to play key roles in virus infection and pathogenesis. A specific requirement for silencing suppression in virus infection has been demonstrated by the genetic complementation of loss-of-function mutations in a VSR gene and a host gene essential for RNA silencing.
6. Several plant VSRs interfere with the function of host miRNAs and their stable expression in transgenic plants caused developmental abnormalities. Thus, viral pathogenesis may represent a consequence of viral suppression of shared steps in siRNA silencing as an antiviral defense and miRNA silencing required for development.
7. Many VSRs are encoded by out-of-frame overlapping genes. Thus, independent creation of VSR genes by overprinting may represent an evolutionary adaptation of viruses to the RNA-silencing immunity of hosts and explain the structural and functional diversities of VSRs.
